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The power distribution systems are continuously expanding due to the rise in world pop-
ulation and its migration to urban areas. But consuming the non-renewable resources to 
generate the electric power, the carbon emissions have made a serious call to global 
warming so, during the last decade, the electric power systems have seen the penetration 
of renewable energy resources. This phenomenon has given flexibility to the power grid 
but also its complexity has increased. In order to successfully integrate the distribution 
generation of the renewable energy resources, the power grid demands modern power 
electronic equipment and state-of-the-art techniques, control approach and simulation 
tools to assess the practical like conditions of the systems. 
In this continuous struggle to modernize and advance state-of-the-art power grid, this 
master research thesis investigates the two-stage converter topology for the grid-con-
nected photovoltaic generator using the Newton Raphson iterative method in MATLAB 
programming. The reason to choose the photovoltaic generator is the rapid growth of such 
systems and the Newton Raphson method has the advantage of being fast in convergence 
and robust. The analytical tool for this research thesis is MATLAB coding.  
The maximum power point tracking of the photovoltaic generator was applied in 
MATLAB coding to always extract the maximum power from the photovoltaic panels. 
Later on the admittance matrix, nodal voltages, linearized system of equations of the dc 
converter are constructed. Then this system of equations is incorporated into the linear-
ized system of equations of the voltage source converter. To implement this scenario in 
power flows the dc converter implementation in power flows is also represented. The 
results of different test cases indicate that the two-stage converter topology, involving 
dc/dc and voltage source converter, for the distribution generation improves the voltage 
profile significantly at each bus of the system and inject the active power into the nodes 
generated by the DG units. 
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1. INTRODUCTION 
The population of the world and its migration to metropolitan areas is growing rapidly. 
In order to make human life more comfortable the advancement in technologies has be-
come more needed than ever, especially the technologies driven by electricity. The utili-
zation rate of electricity defines the economic prosperity of a country and the continuity 
of an electric power supply has been the essential stipulation for social development. 
Concerning to address this issue, the electric power networks have undergone fierce 
extension to meet the global demands which have highlighted the bigger challenges in 
electricity supply. According to International Energy Outlook 2016, global energy 
requirement has been surged and is expected to rise by 48% from the year  2012 to 2040 
[1]. The History and future projection of energy consumption in Organization for 
Economic Cooperation and Development (OECD) and non-OCED regions, from the year 
1990 to 2040 is graphically presented by quadrillion British Thermal Units (Btu) in Figure 
1.1. 
 
 
Figure 1.1. World energy consumption [1]. 
 
Electricity can be generated from various sources and transmitted by the means of power 
lines for industrial and domestic usage. These resources are mainly classified into two 
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catogories; renewable and non- renewable energy. The resources which are going to 
vanish and cannot be used repeatedly are called non-renewable resources which include 
coal, natural gas, nuclear energy and oil. Renewable resources; wind, solar, wave,  
hydroelectric, geo thermal and biomass, can be used regularly and not going to exhaust. 
These means of energy production are also useful in reducing the carbon emissions. Fig-
ure 1.2 gives an overview of energy resources. 
 
 
Figure 1.2. Energy sources [2]. 
 
By the year 2010, approximately 87% of total energy was achieved by non-renewable 
sources, whereas renewable sources had only 7% share [3]. Power generation from non-
renewable sources has made a serious call to global warming and carbon emission. Due 
to the fact of limited fossil fuels and global emissions [3], the penetration of renewable 
energy sources to the electric power system has seen an increment in recent years and 
new investments have been made by many countries as represented in Figure 1.3. 
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Figure 1.3. New investment in renewable energy by country [4]. 
 
 In the past fifteen years, Photo-Voltaic (PV) systems have increased by 45% each year 
[5] and Concentrated Solar Power (CSP) is showing a growth rate of 35% annually [6]. 
 
 
Figure 1.4. Renewable 2016 global status report [6]. 
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In modern days the operational complexity of electric power networks has increased 
significantly, as most of the renewable energy sources require sophisticated power 
electronic equipment to incorporate into the AC grid. This whole Distributed Generation 
(DG) phenomenon comes at a time when large parts of the electric power grid have aged. 
The replacement of transmission lines, generators, transformers and protection equipment 
is an unavoidable fact which would give the opportunity to modernize electric power grid 
and significantly improving the continuity of the electricity supply to the end consumer. 
Besides the new equipment, modern control tehnologies and new practices should be 
adopted, laying the basis of the future smart grid. 
1.1 Main concepts 
The concepts, analytical tools and methods which will be addressed in this thesis are the 
following:  
  PV generator (PVG) 
 Voltage Source Converter (VSC) 
 Buck-Boost converter 
 Power flows 
1.1.1 PV generator 
Power electronics converters are used to feed energy to the utility grid, obtained from the 
series of solar panels called PV generator. This phenomenon is achieved by two main 
approaches: single stage and double stage topology. The former is comprised of only one 
DC to AC converter, whereas the latter includes one DC to DC and one DC to AC con-
verter to enable maximum power from the solar panels [7] and it is used in this research. 
 
 
Figure 1.5. Double stage grid connected PV generator [7]. 
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1.1.2 Voltage source converter 
In order to enhance the system stability and flexibility of the grid, the use of power elec-
tronic equipment has seen an increment, specifically by using VSC. The most recent in-
novations in power electronics are attracting manufacturers to undertake the new designs 
for VSC and launch them into the global market that will open the door for so many 
applications in near future. VSC converts DC to AC voltage and vice versa. An advance 
VSC model has been studied deeply to understand and control the power system param-
eters by using NR iterative method in power flows. 
1.1.3 Buck-Boost converter 
In recent years, switched mode power supplies have been used quite comprehensively in 
power electronic applications [8] and the buck-boost converter belongs to this block to 
build the grid connected power converters. The sole objective of the buck-boost converter 
is to step-up or step-down the voltage to the desired level via duty cycle/switching fre-
quency. 
1.1.4 Analytical tool 
The major analytical tool used in this research thesis for power flow assessment is power 
flow algorithm, using Newton-Raphson (NR) method in MATLAB script. MATLAB pro-
gramming has an edge over Simulink when it comes to assess and analyze the power 
flows of large electric networks as it consumes very less time in simulation and editing is 
quite easy by just adding some lines of coding. The NR method is used conveniently 
because of being robust and fast in nature for both small and large power systems. 
 
1.2 Research objectives 
The main objectives of this research presented in this thesis, given below: 
 To model the series and parallel cells of solar panels in MATLAB code by care-
fully selecting the series and shunt resistances to obtain desired power under ideal 
operating conditions. 
 To elaborate the admittance matrix and nodal power equations of VSC. 
 To develop the admittance matrix and nodal power equations of the buck-boost 
converter under steady-state conditions and extend the admittance matrix care-
fully with VSC. 
 To carry out the power flow simulations for the grid connected PV generator. 
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1.3 Thesis outline 
This document is structured as follows. Chapter 1 provides the introduction about the 
energy consumption and role of renewable resources; especially solar panels, in power 
systems and future smart grids. Chapter 2 discusses the operation of photovoltaic power 
systems. Chapters 3 gives an overview of the power electronics, mainly focusing on VSC 
and DC-to-DC converters. Chapter 4 presents the power flows followed by mathematical 
modeling of VSC and buck-boost converter. Simulation results are presented in Chapter 
5. 
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2. PHOTOVOLTAIC SYSTEMS 
2.1 Introduction 
This chapter provides an overview of the fundamental operating principle to utilize the 
energy of the Sun and converting into the electric power by the means of modern PV 
systems. The nuclear reactions occurring within the Sun result in a huge amount of solar 
energy, travelling through the space and ultimately reaching the atmosphere of the Earth 
in the form of rays. This solar energy is expressed as “irradiance G”, having a constant 
value 1366 𝑊/𝑚2 at the outer edge of Earth’s atmosphere [9]. 
2.2 Photovoltaics 
2.2.1 Construction and operation of solar cell 
Electrical energy is extracted from a photovoltaic cell by utilizing the phenomenon called 
photoelectric effect [10], as PV cell is constructed by using two semiconductor materials, 
p-type and n-type.  
 
Figure 2.1. Structure of a PV cell [adapted from 8]. 
 
Figure 2.1 highlights the main parts and operating principle of a solar cell. As both sem-
iconductor materials have different electric properties, positive and negative charges are 
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diffused in the opposite sides of the material interface that enables the operation of an 
electric field. As sunlight or solar radiation hit the solar cell then engaged with semicon-
ductor material, electrons and holes [10] are released to conduction and the valence band. 
A preformed electric field makes electrons and holes move freely, they end up on the 
opposite side of the material interface, and an external electric circuit can be mounted on 
these surfaces to extract the DC. 
2.2.2 Operation of solar module 
Due to the small output voltage, the individual operation of a solar cell is a rare phenom-
enon, therefore; modules are used as basic building blocks. The series and parallel con-
nections of the cells give convenient voltage. 
 
Figure 2.2. Connection symbol of a solar module [11]. 
 
To achieve higher output voltage these PV modules are connected in series and for higher 
current ratings, in parallel or in both schemes for higher output power. 
                      
Figure 2.3. Connections of solar modules [11]. 
U
+ -
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2.3 Solar cell representation 
Generally, a solar cell is represented using one-diode equivalent model having parasitic 
elements; series resistance 𝑅𝑠 and shunt resistance 𝑅𝑠ℎ and an ideal current source. 
 
Figure 2.4. Simplified one diode model for a solar cell. 
Figure 2.4 depicts the model for modeling the solar cell in MATLAB, where 𝐼𝑠𝑐 is the 
short-circuit current and 𝑉𝑜𝑐 is the open-circuit voltage produced by the solar cell.Parasitic 
elements; series and shunt resistances are used to represent the non-ideal behavior of a 
real solar cell and have the certain effect on the Current-Voltage (I-V) curve. 
The commonly used equation to obtain the current produced by the solar cell is given 
below: 
𝐼 =  𝐼𝑠𝑐 − 𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)
𝑎𝑘𝑇 − 1) −
𝑉+𝐼𝑅𝑠
𝑅𝑠ℎ
          (2.1) 
    
In above-mentioned equation 𝐼𝑜 is the saturation current of the diode, 𝑎 is the ideality 
factor, 𝑇 is the temperature, 𝑘 is  Boltzman constant and 𝑞 is the electron charge. The 
open-circuit voltage of the solar panel depends upon the short-circuit current and is given 
by: 
𝑉𝑜𝑐 =
𝑘𝑇
𝑞
ln
𝐼𝑠𝑐+𝐼𝑜
𝐼𝑜
            (2.2) 
All the data sheets of PV panels are provided with 𝑉𝑜𝑐, 𝐼𝑠𝑐, voltage (𝑉𝑚𝑝) at maximum 
power point (𝑀𝑃𝑃), the current (𝐼𝑚𝑝) at 𝑀𝑃𝑃, open circuit voltage/temperature 
coefficient (𝐾𝑣), short circuit current/tamperature coefficient (𝐾𝑖) and maximum peak 
Isc RshA V
+
-
Rs
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output power for experimentation (𝑃𝑚𝑎𝑥,𝑒). The following equations are used to obtain 
the values of series and shunt resistances by making 𝑃𝑚𝑎𝑥,𝑚 = 𝑃𝑚𝑎𝑥,𝑒 [12]: 
 
𝑃𝑚𝑎𝑥,𝑚 =  𝑉𝑚𝑝 {𝐼𝑝𝑣 − 𝐼𝑜 [𝑒𝑥𝑝 (
𝑞
𝑘𝑇
𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝
𝑎𝑁𝑠
) − 1] −
𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝
𝑅𝑝
}                            (2.3) 
 
𝑅𝑝 =
𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝
{𝑉𝑚𝑝𝐼𝑝𝑣−𝑉𝑚𝑝𝐼𝑜𝑒𝑥𝑝[(
𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝
𝑎𝑁𝑠
 
𝑞
𝑘𝑇
)]+𝑉𝑚𝑝𝐼𝑜−=𝑃𝑚𝑎𝑥,𝑒}
                                                 (2.4) 
 
2.4 Electrical characteristics 
The electrical characteristics of a PV cell are expressed by I-V curve and mainly two 
atmospheric factors affect solar panel’s output; temperature and solar radiation. The 
irradiance has a linearised effect on short-circuit current which means increased in 
irradiance results in higher current output whereas the increment in temperature gives a 
little rise in current but open circuit voltage decreases significantly. Figure 2.5 and Figure 
2.6 represent the electrical characteristics and effects of factors on the performance of PV 
panel. 
 
Figure 2.5. Irradiance effect [13]. 
 
Figure 2.6. Temperature effect [13]. 
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As, electrical characteristics of the photovoltaic panel can be represented by the I-V curve 
and by using abovementioned equations (2.1) and (2.2) in MATLAB, I-V and Power 
Voltage (P-V) curves of a solar cell and panel are represented in Figure 2.7 and Figure 
2.8 respectively. 
 
Figure 2.7. Electrical characteristics of SUNPOWER A330 solar cell [14]. 
 
 
Figure 2.8. P-V curve of Sunpower A330 panel [14]. 
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2.4.1 Maximum power point tracking 
As mentioned that output characteristics of the photovoltaic panel vary with varying irra-
diance and temperature so the design of the photovoltaic generator is a primary concern 
to track the MPP.  A “max” command used to find the maximum power and “val idx” 
command to find the index where current and voltage were maximum to give MPP. Fig-
ure 2.9 shows the output power and electrical characteristics of the solar panel with MPP 
in per unit (p.u) value.  
 
Figure 2.9. IV and PV curve of SUNPOWER 220 with MPP. 
 
2.5 Classification of PV systems 
Photovoltaic systems are designed by keeping in mind the definitive goal, like powering 
a small household or injecting power into electricity distribution grid. PV systems are 
categorized according to Figure 2.10. 
Photovoltaic systems are mainly classified into stand-alone and grid-connected type PV 
systems. The defining factor of two classes is the load as in stand-alone systems the power 
from the solar panels matches the load demand whereas, in grid-connected type, the PV 
generator might produce and deliver excess energy to the electric grid or use electric grid 
as a substitute in case of incomplete power to match the load demand. 
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Figure 2.10. Types of PV systems [15]. 
 
2.5.1 Stand-alone PV systems 
Historically, the stand-alone systems were designed and used in rural areas where elec-
tricity distribution via utility grid was not applicable reason being the high cost of trans-
mission lines and other distribution equipment. Recently, these systems are in practice 
for mobile communication, water heating and pumping applications. The stand-alone sys-
tems usually contain a solar generator, power control and storage unit and the load [16]. 
2.5.2 Grid connected PV systems 
As discussed earlier the penetration of PV systems into the electricity network is on the 
rise and further expansion of grid-connected PV systems is expected as many countries 
around the globe are investing in the renewable energy and PV systems. The solar energy 
is set to surpass the nuclear energy by the end of 2017 and double by the end of 2022 
[17]. The reason behind the grid-connected systems being advantageous is the facility to 
produce electricity near load points and thus reducing the cost of distribution and losses. 
These systems possess the bi-directional flow of the electricity, which means electric flow 
from, and to the utility grid is possible [16]. Figure 2.11and Figure 2.12 represent these 
two categories respectively. 
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Figure 2.11. Stand-alone PV system [15]. 
 
 
Figure 2.12. Grid Connected PV system [15]. 
 
2.6 Summary 
This chapter gave a brief overview of the photovoltaic generator, its preferred usage ap-
proach to get the desired power and modeling in MATLAB by utilizing the one diode 
model with parasitic resistances. The electrical characteristics were presented by the 
means of I-V curve and voltage curve with the maximum power point. Moreover, two 
main classes of PV systems were discussed briefly. A simple photovoltaic model is used 
in this chapter, as this research thesis mainly focuses on the power flow assessment of the 
grid connected photovoltaic generator not the solar cell’s properties under different at-
mospheric conditions. Chapter 4 gives the detailed presentation of the power flow algo-
rithm. 
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3. POWER ELECTRONICS 
3.1 Introduction 
During recent years, power electronics applications have seen an increment in the usage 
of switched-mode converters [8]. As Figure 3.1 shows, in modern power systems, renew-
able energy resources perform the task of providing input to these DC-DC converters. To 
convert unregulated voltage into controlled DC voltage at the desired level, these con-
verters are always first priority [18]. 
 
 
Figure 3.1. Double stage grid connected PV generator. 
 
This chapter briefly discusses the basic working operations of DC-DC converters along 
with DC-AC converters. The essential concept to adopt these converters in power appli-
cations is to obtain a controlled and desired level of output voltage despite having fluctu-
ations in input or load. This phenomenon is achieved by the means of switches having 
controlled on (𝑡𝑜𝑛) and off (𝑡𝑜𝑓𝑓) time. So total switching time is 𝑇𝑠 =  𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓.  
3.1.1 Power switches 
The on and off state of a power switch can be controlled via a control signal and this 
control capability defines the category of the switch i.e. Line commutated or self-com-
mutated. To turn on the line-commutated switch, its gate must have a capable firing angle 
and the voltage across anode-cathode must be positive. These devices are referred by a 
single degree of freedom because they remain in conduction state until the current is zero 
and the negative voltage is established across anode-cathode. The most applicable switch 
PVG
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DC link
+
-
Vac
Control Control
+
-
Vpv
16 
in this category is Silicon Controlled Rectifier (SCR) or thyristor [18]. The self-commu-
tated switches offer more freedom as compared to others because they stop conducting 
once the control signal at the gate is removed. Insulated Gate Bipolar Transistor (IGBT), 
Gate Turn-Off thyristor (GTO) and Insulated Gate Commutated Thyristor (IGCT) fall 
into this category [18]. The Pulse Width Modulation (PWM) is popular scheme to enable 
this operation of switching at a fixed frequency. In this mode of operation, the duty ratio 
𝐷 describes the on and off time of the switch. 
 𝐷 =  
𝑡𝑜𝑛
 𝑇𝑠
             (3.1) 
  𝑇𝑠 =  
1
 𝑓𝑠
             (3.2) 
In equation (3.2),  𝑓𝑠 is the switching frequency and opposite of total switching time. 
3.2 DC-DC converters 
3.2.1 Modes of operation 
In steady-state operation, the operating mode of the converters could be defined with the 
analysis of inductor current. Fundamentally, there are three operating modes of a con-
verter: continuous conduction mode (CCM), boundary conduction mode (BCM) and dis-
continuous conduction mode (DCM) [19]. When inductor current never touches the zero 
or remains greater than zero during the whole duty cycle, this mode of the converter is 
called CCM, whereas in DCM the inductor current remains zero or touches during some 
part of the duty cycle. In BCM, the inductor current goes to the zero at the end of a duty 
cycle. Figure 3.2 explains all these three modes of operation graphically. 
 
Figure 3.2 Converters’ conduction modes [19]. 
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3.2.2 Buck Converter 
The buck converter generates the desired level of output voltage but lower than input dc 
voltage, therefore it is also called the step-down converter. Control of dc motor speed is 
one of its applications. Figure 3.3 represents the buck converter schematically. 
 
 
Figure 3.3. Buck converter’s schematic diagram [19]. 
 
Buck converters’ mode of operation in CCM depends upon two states of the switch, on 
and off. In former operation, the switch is closed and the diode is reverse biased whereas 
in latter operation diode is forward biased because of the switch being in the open state. 
During on time, the input voltage gets its way to the inductor and load, whereas, in the off 
state, diode gets the inductor current due to energy being stored previously during the on 
state. Some part of this energy is also supplied to the load. Figure 3.4 and Figure 3.5 
explain these two states. 
 
 
Figure 3.4. On state of the buck converter. 
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Figure 3.5. Off state of the buck converter. 
 
3.2.3 Boost converter 
Evident from the name, this converter produces output voltage larger than the input and 
called step-up converter too. Figure 3.6 represents the step-up converter. 
 
Figure 3.6. Boost converter’s schematic diagram [19]. 
 
The boost converter also operates in on and off states during CCM. The closing of the 
switch forces the diode to operate in the reverse bias mode, which results in disconnecting 
the output from the main circuit. During this whole time, the inductor receives and stores 
all the energy and gets fully charged. As the switch opens, the converter operates in the 
off state and the output circuit reconnects with input. Thus, output receives the input en-
ergy as well as the stored energy in the inductor. Figure 3.7 and Figure 3.8 graphically 
describe these two stages of the boost converter. 
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Figure 3.7. On state of the boost converter. 
 
 
Figure 3.8. Off state of the  boost converter. 
 
3.2.4 Buck-Boost converter 
A buck-boost converter is the cascaded connection of two basic step-down and step-up 
converters i.e. buck converter and boost converter. These converters are preferred in ap-
plications demanding negative polarity at the output [18]. This output could be higher or 
lower than the input according to the desired application’s level. A basic buck-boost con-
verter is represented in Figure 3.9. 
 
Figure 3.9. Buck-boost converter’s schematic diagram [19]. 
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The on and off modes of operation related to buck-boost converter are as simple as previ-
ously discussed. During on time, when the switch is closed, the inductor gets charged due 
to receiving and storing all the input power. During this on time, the diode is reverse 
biased. As the switch changes its state from being close to open, the input circuit is insu-
lated from the output and output receives the energy from the inductor stored during on 
time. Figure 3.9 Figure 3.10 and Figure 3.11 graphically explain these two stages of the 
buck-boost converter. 
 
 
Figure 3.10. On state of buck-boost converter. 
 
Figure 3.11. Off state of buck-boost converter 
 
3.3 DC-AC converters 
In a grid connected solar generator system, the DC-AC converter has the paramount im-
portance and the basic responsibility of these devices is to convert DC power into AC and 
vice versa. These converters fall into two categories, VSC and Current Source Converter 
(CSC). 
3.3.1 Current source converter 
The CSC operates by using the thyristors to inject AC power into a DC system or vice 
versa. The operation of thyristors in this device limits its capability to one degree of free-
dom as discussed previously. Figure 3.12 presents the building block of CSC 
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Figure 3.12. AC/DC CSC [20]. 
 
3.3.2 Voltage source converter 
The pivotal component of the Flexible AC Transmission Systems (FACTS) technology is 
Stator Compensator (STATCOM) and the fundamental configuration of STATCOM in-
cludes a VSC and a connecting transformer, which is most often load tap changing (LTC) 
[21] [22]. The VSC operates by using the IGBTs to inject AC power into a DC system or 
vice versa. The operation of IGBTs with freewheeling diodes in this device allows the 
full degree of freedom. Figure 3.13 represents the schematic diagram of VSC. 
 
 
Figure 3.13. Two level VSC [20]. 
The power switches or IGBTs in the configuration of this device are controlled via PWM 
signals and the capacitor on its DC side acts as a voltage source. As illustrated in Figure 
22 
3.14, this control scheme synthetizes the fundamental frequency voltage on AC side from 
DC bus [20]. 
 
Figure 3.14. PWM performance [20]. 
 
The reason for Voltage Source Converters being self-commutated is that they offer better 
power control and flexibility as compared to CSCs, by working with fully controlled 
power electronics [23] [24]. The operation of self-commutated VSCs is spread in all four 
quadrants of the P-Q plane as they offer bi-directional active and reactive power flow in 
AC side alongside bi-directional active power flow in DC side [25]. Two main factors 
affect the control of the active and reactive power between VSC and electric power sys-
tem; phase angle and converter’s voltage magnitude [23]. Figure 3.15 and Figure 3.16 
represent the VSC schematic diagram and its equivalent circuit respectively, which is 
being used in this research thesis [26]. 
 
Figure 3.15. VSC schematic representation [27]. 
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Figure 3.16. VSC equivalent circuit [27]. 
 
Practically, the design of a VSC can be a two-level or multi-level, which is operated by 
IGBTs, controlled by PWM. The capacitor bank on the DC side of the VSC has a small 
rating, which has an exclusive objective of stabilizing the DC voltage to make VSC op-
erate properly. The converter makes the capacitor’s voltage lag the AC system by a small 
angle in order to maintain a required capacitor voltage [22]. It should be noted that VAR 
generation and absorption process is not the responsibility of the capacitor instead; this 
step is carried out by PWM control [28]. The basic relationship is given below: 
1V = DC
j
a EemK

1
                                                                                                        (3.3) 
The complex voltage 1V is relative to system phase reference, am is the tap magnitude of 
ideal phase shifting transformer which is related to amplitude modulation of the VSC, 
is the phase angle of the voltage, 
DCE  is the scaler value of the DC bus and 1K = √
3
8
 for 
two level, three phase VSC [28]. As we can see from Figure 3.16 a VSC consist of an 
ideal phase shifting transformer, its equivalent shunt susceptance is donated by eqB , series 
reactance by jX , whereas, the series resistor is related with ohmic losses. The mathemat-
ical modeling of VSC is presented in Chapter 4. 
3.3.3 Converters’ topology 
The above-mentioned converters are built in self-commutated or line-commutated topol-
ogy. Self-commutated converters possess the qualities of both VSCs and CSCs as com-
pared to line-commutated, which can only act as CSCs [22]. Figure 3.17, Figure 3.18 and 
Figure 3.19 present the classification of power converters [29]. 
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Figure 3.17 Self-commutated VSC. 
 
 
Figure 3.18 Self-commutated CSC. 
 
 
Figure 3.19 Line-commutated CSC. 
 
From Figure 3.17, we can see that VSC owns a DC voltage power supply whose polarity 
never changes irrespective of the circuit and is most often a capacitor so the changes in 
the direction of DC current directly affect the flow of the power from or to the converter 
[22] [30]. 
3.4 Summary 
In this chapter, basic DC-DC, DC-AC converters were briefly discussed. Moreover, their 
control and modes of operation were represented. As the buck-boost converter and VSC 
is being used in this research thesis so the mathematical modeling; which includes con-
structing the admittance matrix, obtaining nodal power equations and building Jacobian 
matrix is represented in the Chapter 4 which elaborate the power flows. 
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4. POWER FLOWS 
4.1 Introduction 
The electrical power networks have seen an extensive revolution in recent years, so the 
smooth flow of electricity is an enormous challenge [22]. In this endeavour, Narain G. 
Hingorani and Lazlo Gygui cannot be forgotten for pioneering the new technology, 
(FACTS) and this chapter provides the explanation about the flow of smooth electricity 
in electric power systems by utilizing mathematical approach in power flows. The power 
flow algorithm is solved by the means of Newton Raphson method because it is robust 
and converges fast. 
4.2 Power flows 
The fundamental goal of power flows studies is to analyse the condition of an electric 
power network under steady-state operation by assessing its voltage magnitudes, phase 
angles, nodal active and reactive powers and transmission line power flows [21]. 
4.2.1 Representation in power flows 
Some common representations are used to represent a set of identities in power flow stud-
ies, given below: 
 The buses commonly used in power system studies, represent bus-bars 
 There are positive and negative power injections points in an electric power net-
work. The former represents synchronous generators whereas the later serves as 
the load, which could depend on voltage. 
 Transmission lines are modelled as nominal pi circuits and tap changing trans-
formers as equivalent pi circuits. 
 Series impedances represent the power transformers 
 Series capacitors are modelled as series capacitive reactance. 
 Shunt reactors and capacitor banks could be modelled as either shunt inductive or 
capacitive reactance. 
4.2.2 Types of buses 
There are four quantities; active and reactive power, voltage magnitude and angle, asso-
ciated with each bus that thoroughly determines the state of an electric grid. In conven-
tional power flows, there are three types of buses [30], having known and unknown in-
formation, explained below: 
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1. Slack or the swing bus serves as the reference for all the calculations. The voltage 
angles of other buses are calculated by taking the voltage angle of the slack bus 
as a reference. 
2. The Generator bus is that bus of the system where voltage magnitude is known 
and kept constant. This bus is called PV-bus. The reactive power and voltage an-
gle are the unknowns at this bus and thus should be calculated 
3. The Load bus is also called PQ-bus and has no generator. As it is a load bus so 
active and reactive power consumptions are the known values and voltage mag-
nitude and angle are calculated. 
The table given below outlines the types and related quantities of buses. 
 
Table 4.1. Types of buses in power flows. 
4.3 Iterative solution 
From the vantage of mathematical modelling of the electric power networks, the optimal 
power flow aims at solving non-linear, algebraic equations and to carry out this exercise, 
the Newton-Raphson method overcame other numerical techniques [30]. The main pur-
pose of the NR method [31] is to approximate the solution of a non-linear function 𝐹(𝑥) =
0 for 𝑥 using first two terms of Taylor series expansion. If supposed 𝑥(𝑖) is the guessed 
solution of 𝐹(𝑥) at iteration 𝑖 then equation (4.1) explains its expansion. 
𝐹(𝑥(𝑖)) =  𝐹(𝑥(𝑖−1)) + 𝐹 ′(𝑥(𝑖−1))∆𝑥(𝑖)                                                           (4.1) 
Solving equation (4.1) yields the linear equation (4.2): 
𝐹(𝑥(𝑖−1)) = − 𝐹 ′(𝑥(𝑖−1))∆𝑥(𝑖)                                                                        (4.2)                                                                                             
From equation (4.2): 
            ∆𝑥(𝑖) = − 𝐹 ′(𝑥(𝑖−1))−1 𝐹(𝑥(𝑖−1))                   (4.3) 
From (4.3) the initial guessed approximation of linearized equations will be updated using 
mismatch ∆𝑥(𝑖). Once the function is smaller than the tolerance level, the solution stops. 
Bus type Known Calculated 
Slack or swing 𝑉 and 𝜃 𝑃 and 𝑄 
Generator or PV 𝑉 and 𝑃 𝑄 and 𝜃 
Load or PQ 𝑃 and 𝑄 𝑉 and 𝜃 
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To work with NR method in electric power flows, it must be equipped with applicable 
nodal active and reactive power flow equations, which can be derived from the complex 
power injection equation at a node 𝑙 [30], given below: 
𝑆𝑙 =  𝑃𝑙 + 𝑗𝑄𝑙 = 𝑉𝑙𝐼𝑙
∗                                                                                         (4.4)                                                                                                               
In equation (4.4): 
Subscript 𝑙 indicates the node of the system, 
𝑆𝑙  is the complex power injection at node 𝑙, 
𝑃𝑙 and 𝑄𝑙 are active and reactive power, respectively, entering node 𝑙, 
𝑗 =  √−1 and * indicate the complex conjugate. 
The current injected at node 𝑙 represents the sum of all the currents in 𝑛 branches con-
nected with node 𝑙: 
 𝐼𝑙 = 𝐼𝑙1+ . . . + 𝐼𝑙𝑘+ . . . + 𝐼𝑙𝑛                                                                              (4.5)                                                                                                   



n
m
lml II
1
                                                                                                         (4.6)    
According to Ohm’s Law, the equation (3.6) becomes, 



n
m
mlml VYI
1
                                                                                                     (4.7)  
In equation (3.7), the admittance 𝑌𝑙𝑚 is the sum of conductance 𝐺𝑙𝑚 and susceptance 𝐵𝑙𝑚 
of the branches 𝑙 − 𝑚. 
By putting the value of 𝐼𝑙  from equation (4.7) into equation (4.4), we get the below given 
result: 
         


n
m
mlmlll VYVjQP
1
**
                                                                                         (4.8) 
Expressing the voltages in equation (3.8), in polar co-ordinates: 
          


n
m
j
mlmlm
j
lll
ml eVjBGeVjQP
1

                                                                 (4.9) 
From equation (4.9) nodal active and reactive power equations are obtained by the means 
of the product of complex numbers: 
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Where 𝑉𝑙 and 𝑉𝑚 are the magnitudes of the nodal voltages and 𝜃𝑙 and 𝜃𝑚 are the phase 
angles at the nodes. 
From these equations, a steady state analysis of a power network is possible but due to 
the non-linear nature, they require an iteration method: Newton Raphson, as explained 
earlier. As electric buses explained earlier, this method takes two variables as specified 
and other two unknowns are calculated. 
The Newton Raphson method gives the solution of equations (4.10) and (4.11) but it 
needs a set of linearized equations (4.12), which demonstrates the relationship of changes 
and developments of the whole system’s variables, excluding the slack bus. 
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(4.12) 
In (4.12), the active or reactive power mismatch at any node 𝑙 is the difference between 
net scheduled and calculated powers as mentioned below: 
          
lP  = 
calc
l
net
l PP  , 
          
lQ  = 
calc
l
net
l QQ  , 
where: 
          
load
l
gen
l
net
l PPP  , 
          
load
l
gen
l
net
l QQQ  , 
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The superscripts gen and load give the information about the generated or consumed 
powers, respectively, at node 𝑙, whereas; (𝑟) represents the iteration number. In (4.12), 
the matrix of first-order partial derivative terms are referred to the Jacobian matrix and to 
make it simpler the Jacobian elements of multiplication of voltage magnitude with voltage 
magnitudes [32]. The Jacobian matrix is recalculated at the end of each iteration"𝑟". The 
elements of the Jacobian matrix when 𝑙 = 𝑚, also called self-Jacobian, is given below: 
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In case of 𝑙 ≠ 𝑚, also termed as mutual-Jacobian elements: 
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In order to run the iterative solution, it must be provided with the initial estimates for all 
the variables to determine the active and reactive powers using equations (4.10-4.11). As 
these initial estimates would not agree with the correct values, so mismatch power vectors 
are given below: 
          ∆𝑃(𝑟) = (𝑃𝑔𝑒𝑛 − 𝑃𝑙𝑜𝑎𝑑) − 𝑃𝑐𝑎𝑙𝑐,(𝑟) = 𝑃𝑛𝑒𝑡 − 𝑃𝑐𝑎𝑙𝑐,(𝑟)                                  (4.21) 
          ∆𝑄(𝑟) = (𝑄𝑔𝑒𝑛 − 𝑄𝑙𝑜𝑎𝑑) − 𝑄𝑐𝑎𝑙𝑐,(𝑟) = 𝑄𝑛𝑒𝑡 − 𝑄𝑐𝑎𝑙𝑐,(𝑟)                                (4.22) 
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After calculating the Jacobian elements, the linearized set of equations (4.12) is solved to 
attain the voltage updates vector, given below:          
          𝜃(𝑟) = 𝜃(𝑟−1) + ∆𝜃(𝑟)                                                                                      (4.23) 
          𝑉(𝑟) = 𝑉(𝑟−1) + (∆𝑉/𝑉)𝑟 . 𝑉(𝑟−1)                                                                    (4.24) 
The active and reactive power, a linearized set of equations, power mismatches and volt-
age updates are repeatedly evaluated in a sequence until the power mismatches are within 
a tolerance which is normally set to 𝜖 =  10−12. 
4.4 Newton-Raphson flow diagram 
The primary reasons for selecting the Newton-Raphson method as the iterative solution 
to evaluate a power network; are rapid convergence and better reliability, however, it is 
fair to say that the reliability of this method is largely dependent upon initial estimates 
which could result in unwanted complications if not chosen correctly [29]. Figure 4.1 
summarises the Newton-Raphson method in a flow diagram. 
 
Figure 4.1. Newton-Raphson power flow algorithm. 
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4.5 VSC modeling 
Power converters play a critical role in present-day electricity networks. The next im-
portant step in this research thesis is to understand the operating principles of VSC. Figure 
4.2 represents the schematic diagram of VSC [26]. 
 
Figure 4.2. Schematic diagram of VSC [27]. 
 
Where: 
1V = DC
j
a EemK

1
                                                                                           (4.25) 
Figure 4.3 represents the equivalent circuit of VSC. 
 
Figure 4.3. VSC equivalent circuit [27]. 
Where: 
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As complex power is: 
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From equation (4.29): 
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Following some complex algebra, nodal active and reactive powers equations at sending 
and receiving node arrived as given below: 
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(4.32) 
From above calculated nodal power equations, the linearized system of equations is de-
fined as: 
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In a voltage source converter, active and reactive powers between DC and AC side are 
controlled by phase sifting angle [33]. The VSC is capable of providing four control ca-
pabilities mentioned below in the table. 
 
Table 4.2. VSC modes of operation [29]. 
 
4.6 Buck-boost converter modeling 
The mathematical modeling of the buck-boost converter; which includes constructing the 
admittance matrix, obtaining nodal power equations and building Jacobian matrix, can be 
carried out by analyzing the performance of the converter in steady state conditions. Ac-
cording to [18], the lossless buck-boost converter circuit yields: 
 
𝑉𝑜
𝑉𝑖𝑛
=
𝐷
1−𝐷
=
𝐷
𝐷′
                                                                                                 (4.34) 
 
𝐼𝑜
𝐼𝑖𝑛
=
𝐷′
𝐷
                                                                                                             (4.35) 
            
Figure 4.4. Buck-boost converter with a capacitor at load 
 
VoutVin
Mode of operation Control state 
No control 0 
Voltage control 1 
Power control 2 
Both voltage and power control 3 
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In above simple buck-boost converter diagram 𝑉𝑖𝑛 is the input voltage to the converter. 
In this ideal buck-boost converter model, the Ohmic and switching losses are modeled as 
series and parallel resistances respectively and Figure 4.4 can be redrawn as Figure 4.5 
 
 
Figure 4.5. Buck-boost converter configuration used in this research thesis. 
In steady state operation, a battery 𝑉𝑜 can replace the capacitor, which draws no current 
[34]. 
From equations (4.34) and (4.35): 
𝑉𝑜
𝑉𝑖𝑛′
=
𝐷
𝐷′
                                                                                                           (4.36) 
 
𝐼𝑜′
𝐼𝑖𝑛′
=
𝐷′
𝐷
                                                                                                           (4.37) 
From Figure 4.5: 
𝐼𝑖𝑛′ = 𝐼𝑖𝑛 = (𝑉𝑖𝑛 − 𝑉𝑖𝑛′)𝐺𝑐                                                                               (4.38) 
𝐼𝑖𝑛′ = 𝐼𝑖𝑛 = (𝑉𝑖𝑛 − 𝑉𝑜 (
𝐷′
𝐷
)) 𝐺𝑐                                                                        (4.39) 
𝐼𝑖𝑛
′ = 𝐼𝑖𝑛 = 𝑉𝑖𝑛𝐺𝑐 − 𝑉𝑜𝐺𝑐 (
𝐷′
𝐷
)                                                                          (4.40) 
Now: 
           𝐼𝑜′ = −𝐼0 + 𝐺𝑜𝑉𝑜                                                                                                (4.41) 
Comparing equations (4.37) and (4.41): 
−𝐼0 + 𝐺𝑜𝑉𝑜 = 𝐼𝑖𝑛 (
𝐷′
𝐷
)                                                                                        (4.42) 
From equation (4.40):  
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−𝐼0 + 𝐺𝑜𝑉𝑜 = (𝑉𝑖𝑛𝐺𝑐 − 𝑉𝑜𝐺𝑐 (
𝐷′
𝐷
)) (
𝐷′
𝐷
)                                                           (4.43) 
⇒ 
𝐼0 = 𝐺𝑜𝑉𝑜 − 𝑉𝑖𝑛𝐺𝑐 (
𝐷′
𝐷
) + 𝑉𝑜𝐺𝑐 (
𝐷′
𝐷
)
2
                                                                 (4.44) 
From equations (4.40) and (4.44) building the admittance matrix: 
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Utilizing equation (4.30): 
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From above-assumed complex powers, nodal active and reactive powers equations at 
sending and receiving node arrived: 
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(4.47) 
Due to the DC circuit, the susceptance and phase angles are zero so there will be zero 
reactive power contribution at both ends. 
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     inoccooo VVDDGDDGGVP '2'2                                                        (4.49) 
By keeping the value of  𝑉𝑜 a constant, the linearized system of equation for the above 
model of the DC-DC converter is shown in equation (4.50). 
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 The mismatch power terms are given below: 
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State variable and updates are represented below: 
                 1'''  rrr DDDDDD  
4.7 Linearized system of equations 
The equation (4.51) represents the linearized set of equations, using equations (4.33) and 
(4.50), comprising the double stage grid connected solar generator. 
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4.8 Implementation of the DC/DC converter power flow model 
In order to implement the DC/DC converter in power flow model, it is taken as Load Tap 
Changing (LTC) transformer [26] so equations (4.48) and (4.49) becomes: 
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So, linearized system of equation becomes; 
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As we are interested in power injected by the PVG so mismatch power term is given 
below: 
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The partial derivative for the term involved in output power calculation is given below: 
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From above equations, we can calculate the ∆𝑇𝑐 
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The state variable updates are given below: 
c
k
c
k
c TTT 
1                                                                                                             (4.59) 
The equation describing the relationship between sending and receiving end of an LTC 
transformer can be obtained from [26]: 
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From equation (4.34) 
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The NR method takes 4 iterations to give the numerical results which are shown in Figure 
4.6, for voltages at nodes o and in kept at 1 p.u. The staring value of Tc is 1. The power 
input from the PV panel is 1 p.u. the node in is taken to be the slack node. 
 
Figure 4.6. DC-DC power flow. 
 
As from the results, we can see that total active power being injected at the dc end of the 
VSC is 𝑃 = 0.9704 p.u. and the duty cycle at which the buck-boost converter is operating 
is 𝐷 = 0.4952. The converter losses are 3%. Notice that the conductance of 𝐺0 has a 
value of 1% and series connected resistance is 2%. 
 
4.9 Summary 
This chapter provided a review of electric power flows. The study involved in this chapter 
gave us an understanding of electric power buses, nodal power equations and iterative 
solutions. An iterative solution is required to solve the power flows and in this research 
thesis, the Newton Raphson method is used because of its strong convergence character-
istics and its ability to solve any size of the electric power network with ease. 
The Newton-Raphson method applied to electric power flows studies involve deep un-
derstanding of nodal power equations, non-linear system of equations and its solution by 
iteration. A matrix consisting of the coefficients of the linearized set of equations called, 
Jacobian matrix, was also explained in detail. A flow diagram consisting of all the main 
steps of solving and analyzing any electric power flow by using the Newton Raphson 
method was constructed and presented in this chapter. 
Moreover, the representation of power electronic equipment, i.e., the mathematical mod-
eling of VSC, buck-boost converter, and its implementation in the power flow Newton-
Raphson method were explained in detail. 
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5. SIMULATION RESULTS 
5.1 Introduction 
In order to assess the performance of a system, a simulation platform is needed which 
could replicate the physical environment and yields the results which are the same as in 
the real world. As far as this research thesis is concerned, the simulation tool is MATLAB 
programming. The Newton Raphson power flow algorithm is used in power flows to as-
sess the conditions and results of an electric power network. The paramount goal of this 
research thesis is the power flow assessment of grid-connected PV generators. 
5.2 Test case 1 
The three-bus system is presented in Figure 5.1 consist of two generators, one transmis-
sion line, one dc/dc converter and one ac/dc VSC. In this case, the dc buses, 3 and PVG, 
are controlled at 2 p.u. The node 1 is taken as slack bus and controlled at the voltage 
magnitude of 1 p.u. The phase angle of bus 1 is the reference only for bus 2, since dc 
buses have no angle i.e. zero values in the modelling approach adopted in this thesis. 
The parameter used in this test case are: transmission line resistance and reactance are 
0.01 p.u. and 0.10 p.u. respectively. Its sending end is connected to bus 1 and its receiving 
end to bus 2. The VSC resistance and reactance are 0.002 p.u. and 0.01 p.u. respectively. 
The nominal values VSC of the shunt conductance and susceptance are 0.002 p.u. and 0.5 
p.u. respectively. A load is connected to bus 2 which consumes 0.25 p.u. of active power 
and 0.25 p.u. of reactive power. The parameters of dc/dc converter are taken as in Figure 
4.6. The PV generator is assumed to be generating 1 p.u. of DC power. 
 
 
Figure 5.1. Grid connected PVG  
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5.2.1 No control mode 
After taking away the switching and ohmic losses of the dc/dc converter, it injects 0.9554 
p.u. of DC power at the dc bus of VSC. The dc/dc converter operates with duty cycle 
of 𝐷 =  0.4988.  
Three different test cases of VSC control are explained below, as mentioned in Table 4.2. 
The schematic diagram of the VSC is enclosed by the broken-line square. The Newton-
Raphson method takes 6 iterations to yield the solution, as presented in Figure 5.2. In this 
mode of operation there is no control on VSC operation and therefore, the amplitude 
modulation of VSC takes the value of 𝑚𝑎 =  1, with the phase shifter angle ∅ = 0°. The 
equivalent susceptance takes the value of 𝐵𝑒𝑞 = 0.5 as initially declared, which produces 
0.75 p.u. of reactive power. Due to the fact that there is no control on the VSC, 1.8671 
p.u. of reactive power is injected into the receiving end of the VSC. Hence, the total re-
active power supplied by the VSC into the transmission line is 2.5655 p.u. which con-
sumes 0.0516 p.u. of reactive power. As PVG injects 0.9554 p.u. of active power and the 
VSC incurs losses of 0.0183 p.u. of active power and supplies 0.9371 p.u. of active power 
into the transmission line. As the load is connected to bus 2, 0.6451 p.u. of active and 
1.9454 p.u. of reactive power arrive at bus 1, since the transmission line loss is 0.042 p.u. 
of active and 0.420 p.u. of reactive power. Notice that, as the voltage angle at the receiving 
end of the VSC in not zero, we cannot assume it to be a dc circuit. The losses are high in 
the case as there is no control on the VSC. 
 
 
Figure 5.2. No control. 
 
5.2.2 Voltage control mode 
In this mode of operation, the VSC is tasked to control the voltage at its sending end 
which is connected to bus 2. So, the NR method produces the results after 6 iterations 
which are presented in Figure 5.3. Now the voltage at bus 2 is controlled at 𝑉𝑀 = 1.05 
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and its angle takes the value of 𝑉𝐴 = 3.53°. The amplitude modulation of VSC is  𝑚𝑎 =
 0.8641 with the phase shifter angle ∅ = 0°. As phase shifter is not active, so 0.1278 p.u. 
of reactive power is injected into the receiving end of the VSC. The equivalent suscep-
tance takes the value of 𝐵𝑒𝑞 = 0.5, as initially declared, which produces 0.56 p.u. of re-
active power. As 0.1278 p.u. of reactive power is injected into the receiving end of the 
VSC, the total reactive power supplied by the VSC into the system is 0.6755 p.u. while 
consuming 0.0123 p.u. of reactive power. The VSC consumes 0.0104 p.u. of active power 
and delivers 0.9449 p.u. into bus 2, where the load point is connected. The transmission 
line losses are 0.0064 p.u. of active and 0.0643 p.u. of reactive power respectively. The 
power is injected into bus 1 is 0.6885 p.u. of active and 0.4112 of reactive power respec-
tively. As we can see, by controlling the voltage, the losses have been reduced. 
 
 
Figure 5.3. Voltage control at the VSC’s sending end. 
 
5.2.3 Full control mode 
As discussed above, when using no power control and no voltage control, the dc circuit 
of the VSC produces reactive power and its nodal voltage has a phase angle, physically 
these conditions do not correspond to the characteristics of a dc bus. It can only be called 
a dc bus when there is no reactive power and the phase angle is zero i.e., no phase angle. 
In order to implement the full two stage converter topology for the PVG, the input and 
the output voltage of the dc converter should have zero phase angle. So, the model chosen 
to represent the VSC will fulfil these conditions when the VSC is operated with power 
control mode. Practically, the power can only be controlled at the dc bus, since power 
control on the AC bus of the VSC would not take account of the power losses. In this 
controlled operation mode of the VSC, the Newton-Raphson method takes 7 iterations to 
converge, the results are presented in Figure 5.4. 
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Figure 5.4. Voltage control at sending and power control at receiving bus. 
 
The amplitude modulation of the VSC takes the value of 𝑚𝑎 =  0.8641 with the phase 
shifter angle ∅ = 3.95°. The equivalent susceptance takes the value of 𝐵𝑒𝑞 = 0.6141 
which produces 0.6877p.u. of reactive power. The VSC consumes 0.0104 p.u. of active 
power and 0.0122 p.u. of reactive power to account for its switching and ohmic losses 
respectively, while supplying 0.6755 p.u. of reactive power into the AC system to control 
the voltage magnitude of bus 2 at 𝑉𝑀 = 1.05 and its angle takes the value of 𝑉𝐴 = 3.53°. 
The transmission line consumes 0.0064 p.u. of active power and 0.0643 p.u. of reactive 
power and bus 1 absorbs 0.6885 p.u. of active power and 0.4112 p.u. of reactive power 
respectively. As from these results, it is evident that the phase angle at the receiving end 
of the VSC is zero and losses are significantly decreased as compared to the case with no 
control mode. It is clear from the results presented in Figure 5.4 that the zero phase angles 
and the absence of the reactive power in the dc side of the VSC fulfil the necessary con-
dition for the VSC to have an AC and a DC circuit. 
5.3 Test Case 2: Micro-grid 
The test case to conclude this master research thesis consists of a German Medium Volt-
age (MV) rural distribution network as presented in Figure 5.5 [35]. The original network 
has 12 nodes, 12 transmission lines and one 110/20 kV transformer. There are domestic 
and industrial loads connected to each node, except node 3. 
The original network is modified to include the DG units and, as expected, the complexity 
level of the network increases, as presented in Figure 5.6. DG units are connected to every 
node except nodes1, 2 and 3. Node 1 is taken to be the slack bus in this network. The 
modified MV network consists of 39 nodes, 16 generators, 15 transformers, 13 VSCs and 
8 buck-boost converters. There are 8 PVGs connected to their respective nodes using the 
two-stage converter and a step-up transformer. Every other DG unit is connected to the 
network via a VSC and transformer. The base voltage chosen for this test case is 𝑆𝑏𝑎𝑠𝑒 =
10 𝑀𝑉𝐴 and the original values were converted into the per unit system. As rated voltage 
for this network is 20 kV so the base impedance can be calculated from the equation (5.1). 
G1
 
 
 
 
1
2
0.25+0.20j
1 0° 3.53° 1.05
0° 2
0° 2
3.95° 0.8641
            D = 0.49880.95540.6885
0.4112
0.6949
0.4755
0.9449 
0.6755 0.6877 0.0104
3
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𝑍𝑏𝑎𝑠𝑒 =
𝑉𝑟𝑒𝑓
2
𝑆𝑏𝑎𝑠𝑒
                                                                                                       (5.1) 
𝑍𝑏𝑎𝑠𝑒 = 40Ω 
5.3.1 Modeling of distributed energy resources 
The modified network contains different distributed energy resources such as, photovol-
taic, battery, fuel cell, wind turbine and Combined Heating and Power (CHP) diesel. So 
they are modelled into power flow program differently. The modeling of PV is explained 
in this research thesis. The battery bank is modeled as negative load connected to dc bus 
of the VSC when injecting the power into the VSC and as a positive load point when it is 
charging i.e. consuming the power. The fuel cell is always modeled as negative load con-
nected to the dc bus of the VSC. The CHP diesel is modeled as synchronous generator. 
The wind turbine is assumed to operate with 0.9 lagging power factor, so 1500 kW wind 
turbine consumes 750kVAR of reactive power. It is modeled as negative active power 
load and positive reactive power load respectively. 
The relevant date of the loads, transmission lines, transformers, DG units, dc/dc and dc/ac 
converters is given in Appendix A1, A2, A3, A4 A5 and A6, respectively.  
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Figure 5.5. Medium-Voltage network. 
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Figure 5.6. Micro-grid test case. 
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In this micro-grid test case, the dc node between the two converters of a PV system is 
taken as a slack bus and all VSCs are operating in voltage and power control mode. The 
dc buses, from 27 to 39, are controlled at 2 p.u. The results of the PVGs and dc/dc con-
verters are given below: 
 
Table 5.1. PVGs and dc/dc converter results. 
 
All the dc converters are operating at the duty cycle of 𝐷 =  0.5. As described in section 
4.8, the series resistance and conductance of the dc converters is 2 and 1 percent of the 
input power respectively. The series resistance and shunt conductance of each converter 
takes the value according to the input power. This data is also presented in Appendix A5. 
The active power being injected into the VSC is presented in the third column of Table 
5.1. The power losses are referred as switching losses and ohmic losses respectively.  
In the next part of the micro-grid test case, the Newton Raphson method converges in 8 
iterations and results are shown in the figures and tables below. 
 
Generated power 
(p.u.) 
Duty cycle Injected power 
(p.u.) 
Power Loss 
(p.u.) 
0.002 0.5 0.00190 0.0001 
0.002 0.5 0.00190 0.0001 
0.003 0.5 0.00290 0.0001 
0.003 0.5 0.00290 0.0001 
0.003 0.5 0.00290 0.0001 
0.003 0.5 0.00290 0.0001 
0.004 0.5 0.00380 0.0002 
0.001 0.5 0.00096 0.00004 
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Figure 5.7. AC nodes voltage magnitudes. 
 
 
Figure 5.8. DC buses voltage magnitudes. 
 
In Figure 5.7, the nodes 1-12 which comprise the original MV network the voltage profile 
improvement is very significant as compared to the results shown in [35], before the in-
clusion of DG units. The voltage magnitude level of these nodes is well within the limits 
of 100 ± 6%. The nodes from 13-26 connected with the sending ends of the VSCs, which 
are operating in full control mode, take the voltage magnitude value of 𝑉𝐴 = 1.05. Figure 
5.8 presents the dc buses of the VSCs which are being controlled at 2 p.u. Figure 5.9 
presents the phase angles of the AC nodes only as all the DC nodes of the micro-grid test 
case have zero phase angle. 
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Figure 5.9. Phase angles of AC nodes. 
 
As in this micro-grid test case, all the VSCs are operating in full control mode so the 
relevant results are shown in the tables below. 
Table 5.2. VSCs results. 
VSC No. (𝒎𝒂) (∅) (𝑩𝒆𝒒) 
1     0.8568     1.0310    -0.0632 
2     0.8568     1.1005    -0.0633 
3     0.8568     1.1498    -0.0661 
4     0.8568     1.4613    -0.0659 
5     0.8568     1.1520    -0.0661 
6     0.8567     1.1545    -0.0727 
7     0.8568     1.1068    -0.0648 
8     0.8568     1.1342    -0.0642 
9     0.8568     1.2341    -0.0641 
10     0.8568     1.1669    -0.0620 
11     0.8568     1.2553    -0.0620 
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Table 5.3. VSCs active and reactive powers. 
 
It can be seen from these results that all the VSCs are injecting the active power generated 
by the DG units. The VSCs should be designed in such a way that they inject the active 
power into the system. The shunt conductance of each VSC consumes 1% of the power 
input from the dc/dc converters. So every VSC has the different value of the shunt con-
ductance, in order to make the active power go through the VSC into the network. This 
data is provided in Appendix A6. 
12     0.8568     1.1538    -0.0620 
13     0.8568     1.1348    -0.0623 
VSC No. Ac bus Dc bus Power losses of the 
VSCs 
1   -0.0018 + 0.0697j    0.0019 - 0.0000i    0.0001 + 0.0696j 
2   -0.0018 + 0.0697j    0.0019 - 0.0000i    0.0001 + 0.0697j 
3   -0.0028 + 0.0728j    0.0029 - 0.0000i    0.0001 + 0.0727j 
4   -0.0576 + 0.0726j    0.0600 - 0.0000i    0.0024 + 0.0725j 
5   -0.0032  + 0.0728j    0.0033 - 0.0000i    0.0001 + 0.0727j 
6   -0.0028  + 0.0801j    0.0029 - 0.0000i    0.0001 + 0.0800j 
7   -0.0028  + 0.0714j    0.0029 - 0.0000i    0.0001 + 0.0713j 
8   -0.0028 + 0.0704j    0.0029 - 0.0000i    0.0001 + 0.0706j 
9   -0.0203  + 0.0707j    0.0212 - 0.0000i    0.0009 + 0.0706j 
10   -0.0036 + 0.0683j    0.0038 - 0.0000i    0.0002 + 0.0683j 
11   -0.0192 + 0.0683j    0.0200 - 0.0000i    0.0008 + 0.0683j 
12   -0.0013 + 0.0683j    0.0014 - 0.0000i    0.0001 + 0.0683j 
13   -0.00091 + 0.0687j    0.00096 - 0.0000i    0.00004 + 0.0686j 
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The transmission lines powers at sending, receiving end and their losses are given below:  
 
Table 5.4. Transmission lines active and reactive powers. 
 
The transmission lines losses are calculated by the difference of powers at sending and 
receiving ends so if we see transmission lines 5 and 6 have very low losses due to the fact 
that large DG units are connected at these nodes. This is also explained in Figure 5.10. 
Transmission line Sending end Receiving end Losses 
1 -0.2539 + 0.0093j 0.2563 - 0.0140j    0.0024 - 0.0046j 
2 -0.2563 + 0.0140j 0.2582 - 0.4217j    0.0018 - 0.4078j 
3 -0.1279 + 0.2532j 0.1282 - 0.3086j    0.0003 - 0.0553j 
4 -0.1083 + 0.1134j 0.1084 - 0.1492j    0.0001 - 0.0358j 
5 -0.0521 - 0.0726j 0.0522 - 0.0461j    0.0000 - 0.1187j 
6 -0.0544 - 0.0359j 0.0544 + 0.0233j    0.0000 - 0.0126j 
7 0.0949 - 0.1013j 0.0947 - 0.0300j    0.0001 - 0.1313j 
8 -0.0420 + 0.1727j 0.0421 - 0.1924j    0.0001 - 0.0196j 
9 0.0063 + 0.0465j -0.0062 - 0.0988j    0.0000 - 0.0522j 
10 0.0250 - 0.1091j -0.0249 + 0.0880j    0.0000 - 0.0211j 
11 0.0225 - 0.1580j -0.0224 + 0.1239j    0.0001 - 0.0340j 
12 -0.1335 + 0.0963j 0.1337 - 0.2161j    0.0002 - 0.1198j 
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Figure 5.10. Transmission lines active and reactive power directions with values at 
their sending ends and power injections at the nodes with voltage magnitude and phase 
angle. 
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As the electric power into the network is being supplied through a 110kV transformer and 
every DG unit is connected to the network via a transformer so the results of active and 
reactive powers are given below. 
 
Table 5.5. Transformers active and reactive powers. 
 
The active and reactive power flows in this test case involving transformers, VSCs, dc/dc 
converters and DG units are represented in Figure 5.11 and Figure 5.12. 
 
Transformer No. Sending end Receiving end 
1   -0.0539 + 0.0508j    0.0539 - 0.0503j 
2   -0.0018 + 0.0701j    0.0018 - 0.0697j 
3   -0.0018 + 0.0702j    0.0018 - 0.0697j 
4   -0.0028 + 0.0733j    0.0028 - 0.0728j 
5   -0.0576 + 0.0734j    0.0576 - 0.0726j 
6   -0.0032 + 0.0733j    0.0032 - 0.0728j 
7   -0.0028 + 0.0807j    0.0028 - 0.0801j 
8   -0.1500 + 0.0775j    0.1500 - 0.0750j 
9   -0.0028 + 0.0718j    0.0028 - 0.0714j 
10   -0.0028 + 0.0711j    0.0028 - 0.0707j 
11   -0.0203 + 0.0712j    0.0203 - 0.0707j 
12   -0.0036 + 0.0688j    0.0036 - 0.0683j 
13   -0.0192 + 0.0688j    0.0192 - 0.0683j 
14   -0.0013 + 0.0688j    0.0013 - 0.0683j 
15   -0.0009 + 0.0691j    0.0009 - 0.0687j 
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Figure 5.11. Micro-Grid active and reactive power directions and values connected to 
the nodes 1-7 with voltage magnitude and phase angle. 
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Figure 5.12. Micro-Grid active and reactive power directions and values connected to 
the nodes 7-12 with voltage magnitude and phase angle. 
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5.4 Summary 
In this chapter, the inclusion of a PVG model in electric power flows, using a two-stage 
converter topology, has been carried out. An illustration of the three different control 
modes of the VSC was also presented. The results show that the VSC should be operated 
in full control mode in order to make the dc-dc and dc-ac converter topology model to 
work for grid connected PVG applications. Later on, this approach was applied in a micro 
grid DG scenario where a German MV distribution network was selected, redesigned and 
presented in this chapter. The results show that the voltage profile was improved signifi-
cantly and that the DG units supplied active power to the nodes whereas, reactive power 
was absorbed by the VSCs. 
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6. CONCLUSIONS AND FUTURE WORK 
6.1 General conclusions 
The future of smart grids depends heavily on the integration of distribution generation 
based on the renewable energy resources. The global warming and expanding of the urban 
population demand continuous and uninterrupted electricity supply. In this ask the solar 
power generation has shown an impressive growth during the last few years. In these 
developments, the modern power electronic equipment is rapidly becoming the backbone 
of modern electric power networks.  
In this master thesis research work, the integration of the photovoltaic generator model 
into the power flow application tool, using the Newton Raphson iterative method, was 
achieved. The computer program was written in MATLAB programming. The PV panels 
were assumed to be working at their maximum power outputs as given by their MPPT 
mechanism. 
After doing some arduous algebra the combined set of linearized equations has been suc-
cessfully constructed and presented which involves, PVG, dc-dc converter and VSC. In 
the next step the dc converter implementation is successfully carried out in the Newton 
Raphson method to integrate it with the VSC. At this point, this computer program is 
ready to increase the network size of electricity distribution network, involving grid con-
nected PVG or any other renewable in two-stage converter topology. 
6.2 Learning and issues  
This research work has been the most challenging work for the author and during com-
pletion of this research, the author has developed the skills of MATLAB coding and 
learned the working operations of electric power flows. As the VSC is involved in con-
structing the STATCOM and HVDC links so this research thesis has been a learning 
milestone for the author. 
Since the inclusion of dc/dc converter with the modern VSC was the paramount goal so 
first, the reduced admittance matrix approach was carried out but in that scenario, there 
was no control on the dc end of the VSC. Then combined admittance matrix approach 
was followed and the most challenging part was to put it in the MATLAB programming 
and therefore, dc/dc converter was lumped together with PVG to construct a proper two-
stage converter topology. 
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6.3 Future work possibilities 
This research work mainly focuses on positive sequence power flows under steady-state 
conditions but the inclusion of dc/dc converter opens a new way of investigating the dy-
namic response of this PVG approach i.e. combined linearized system of equations. 
Moreover, the approach to build the two-stage converter topology using two VSCs in 
tandem, need to be investigated. In this approach, the receiving ends of the VSCs do not 
have a common point like back-to-back HVDC [36] instead the dc end of the one VSC is 
connected to PVG and its sending end lumped with the dc end of the second VSC.  
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APPENDIX A. MICRO GRID TEST CASE DATA 
A1. Load Data 
 
 
 
 
 
 
 
 
Load No. Node No. Load Type P (p.u.) Q(p.u.) 
1 2 Domestic 0.15000 0.03100 
2 2 Industry 0.05000 0.01000 
3 4 Domestic 0.00276 0.00069 
4 4 Industry 0.00224 0.00139 
5 5 Domestic 0.00432 0.00108 
6 6 Domestic 0.00725 0.00182 
7 7 Domestic 0.00550 0.00138 
8 8 Industry 0.00077 0.00048 
9 9 Domestic 0.00588 0.00147 
10 10 Industry 0.00574 0.00356 
11 11 Industry 0.00068 0.00042 
12 11 Domestic 0.00477 0.00120 
13 12 Domestic 0.00331 0.00083 
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A2. Transmission Lines Data. 
  
Frequency used for each transmission line: 𝑓 = 50 𝐻𝑧. 
 
 
 
 
 
 
 
 
Line 
No. 
Sending 
end 
Receiving 
end 
Length 
(km) 
Z = R+jX Capacitance 
nF/km 
1 2 3 2.82 0.579+0.367j 158,88 
2 3 4 4.42 0.164+0.113j 6608 
3 4 5 0.61 0.164+0.113j 6480 
4 5 6 0.56 0.354+0.129j 4560 
5 6 7 1.54 0.336+0.126j 5488 
6 7 8 0.24 0.256+0.13j 3760 
7 8 9 1.67 0.294+0.123j 5600 
8 9 10 0.32 0.339+0.13j 4368 
9 10 11 0.77 0.399+0.133j 4832 
10 11 12 0.33 0.367+0.133j 4560 
11 12 5 0.49 0.423+0.134j 4960 
12 4 9 1.3 0.172+0.115j 6576 
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A3. Transformers Data. 
 
 
 
 
 
 
 
Trans-
former No 
Sending 
end 
Receiving 
end 
Resistance 
(p.u.) 
Reactance 
(p.u.) 
Tap (p.u.) 
1 1 2 0.00 0.10 1 
2 4 13 0.00 0.10 1 
3 5 14 0.00 0.10 1 
4 6 15 0.00 0.10 1 
5 6 16 0.00 0.10 1 
6 6 17 0.00 0.10 1 
7 7 18 0.00 0.10 1 
8 8 19 0.00 0.10 1 
9 9 20 0.00 0.10 1 
10 10 21 0.00 0.10 1 
11 10 22 0.00 0.10 1 
12 11 23 0.00 0.10 1 
13 11 24 0.00 0.10 1 
14 11 25 0.00 0.10 1 
15 12 26 0.00 0.10 1 
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A4. DG Data. 
 
 
 
 
 
 
 
DG No. Node No. DG Type P (kW) 
1 27 Photovoltaic 20 
2 28 Photovoltaic 20 
3 29 Photovoltaic 30 
4 30 Battery 600 
5 31 Fuel cell 33 
6 32 Photovoltaic 30 
7 19 Wind Turbine 1500 
8 33 Photovoltaic 30 
9 34 Photovoltaic 30 
10 35 Fuel cell 212 
11 10 CHP Diesel 310 
12 36 Photovoltaic 40 
13 37 Battery 200 
14 38 Fuel cell 14 
15 39 Photovoltaic 10 
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A5. DC/DC Converters Data. 
Converter No Resistance (Ω) Shunt conductance (S) Initial Value of 𝑻𝒄 
(p.u.) 
1     0.0016     0.0008 1 
2     0.0016     0.0008 1 
3     0.0024     0.0012 1 
4     0.0024     0.0012 1 
5     0.0024     0.0012 1 
6     0.0024     0.0012 1 
7     0.0032     0.0016 1 
8     0.0008     0.0004 1 
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A6. VSCs Data. 
VSC No. Shunt conduct-
ance (S) 
Initial Values 
𝒎𝒂 (p.u.) 𝑩𝒆𝒒 (p.u.) ∅ (p.u.) 
1     0.0008 1.0 0.5 0 
2     0.0008 1.0 0.5 0 
3     0.0012 1.0 0.5 0 
4     0.0240 1.0 0.5 0 
5     0.0013 1.0 0.5 0 
6     0.0012 1.0 0.5 0 
7     0.0012 1.0 0.5 0 
8     0.0012 1.0 0.5 0 
9     0.0085 1.0 0.5 0 
10     0.0015 1.0 0.5 0 
11     0.0080 1.0 0.5 0 
12     0.0006 1.0 0.5 0 
13     0.0004 1.0 0.5 0 
 
